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ABSTRACT
Rideshare or “multi-manifest” missions – where several smaller “rideshare” spacecraft are launched together,
usually with a larger “forward” spacecraft – are becoming increasingly common. In many cases, the properties or
configuration of the rideshare spacecraft are not well-defined during initial launch manifesting and may not be
finalized until a few months before launch. In this paper, a multiconfiguration loads analysis (MLA) process is
presented that can enable flexibility in the mission manifesting process by allowing for uncertainty in the final
rideshare configuration, including late manifest changes or swaps, without requiring additional loads analyses to
those specified in the Load Cycle Process. By applying the MLA process, a set of adequately conservative loads can
be generated for the forward spacecraft, launch vehicle, and potential rideshare spacecraft that account for
uncertainty in the rideshare manifest and minimize the potential for issues late in the process. The MLA process will
also define a mission-specific dynamic properties envelope that would allow rideshare spacecraft that “fit” within
the envelope to be swapped. If all parts of the system are verified to match the models used in analysis and designed
to survive the bounding loads, the launch manifest can be changed after analyses are completed, much closer to
launch, without incurring increased risk.
INTRODUCTION

of a spacecraft and a launch vehicle can be verified as
the design of mission hardware and the mission itself
evolve. Typically, three load cycles are sufficient, with
uncertainty in the mission design decreasing in each
subsequent iteration. To ensure that the structural
design of all components is adequate before the mission
design is finalized, uncertainty factors are applied in
each load cycle. These uncertainty factors, known as
dynamic uncertainty factors (DUF) or modal
uncertainty factors (MUF), are typically larger during
early load cycles and are reduced as uncertainty in the
mission design decreases. The final load cycle is the
Verification Load Cycle (VLC). This analysis is
typically conducted one year to six months prior to
launch after all relevant mission and structural design
parameters have been finalized. VLC uses test-verified
structural dynamic models that accurately represent the
flight hardware. Changes to the mission design
(including changes to the manifest) that occur after
VLC can be costly, time-consuming, represent
increased risk, and could require a rerun of the VLC.

During launch and ascent, a launch vehicle and its
payload(s) experience severe structural loads. These
loads represent the principal design requirements for
most of the launch vehicle and spacecraft structure.
Launch and ascent structural loads are functions of
external forces and the dynamic properties of the
integrated spacecraft/launch vehicle system. As a result,
uncertainty in any part of the launch configuration,
including uncertainty in the payload manifest, results in
uncertainty in the loads for all elements of the system.
The structural verification of the system is complicated
by the fact that the fully integrated spacecraft/launch
vehicle system cannot be tested prior to launch. As
such, the structural verification of the spacecraft, launch
vehicle, and all elements of the system is accomplished
through an iterative series of high-fidelity simulations
known as Coupled Loads Analysis (CLA) that are
intended to predict responses during launch. Because
the structural dynamic interactions between mission
components are unique, CLA must be conducted on a
mission-specific basis using models that represent the
flight configuration. There is little accommodation for
manifest uncertainty or flexibility.

Rideshare or “multi-manifest” missions – where several
smaller “rideshare” spacecraft are launched together,
usually with a larger “forward” spacecraft – are
becoming increasingly common (Figure 1). In many
cases, the properties or configuration of the rideshare

Reference 1 describes the Load Cycle Process, an
iterative process by which the structural compatibility
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spacecraft are not well-defined during initial launch
manifesting and may not be finalized until a few
months before launch. This uncertainty in the launch
configuration is not accommodated by the historic load
cycle process, which relies on detailed dynamic models
of all spacecraft in their final launch configuration at
least six months prior to launch. The option of applying
large DUFs to the VLC to account for these
uncertainties is not desirable as it could generate overly
conservative loads and limit the design of the entire
system. The ability to flexibly manifest rideshare
spacecraft or swap them late in the launch integration
process without increased risk is limited under the
current analysis and verification process.

mission-specific dynamic properties envelope that
would allow rideshare spacecraft that “fit” within the
envelope to be swapped. If all parts of the system are
verified to match the models used in analysis and
designed to survive the bounding loads, the launch
manifest can be changed after analyses are completed,
much closer to launch, without incurring increased risk.
The process was developed using Aerospace’s Coupled
Loads Analysis Sensitivity Program (CLASP) MLA
tool but could be performed by any launch vehicle
organization with MLA capability. The analysis
involves a process where CLA is run for hundreds to
thousands of potential launch configurations, and an
envelope of potential structural responses is calculated.
Dynamic simulator payload models are used to
represent the structural dynamics of potential rideshare
spacecraft. By varying the properties of the simulator
models to bound the expected flight hardware and
calculating loads for a range of potential configurations,
a set of conservative structural responses can be
calculated. The dynamic properties (mass, center of
mass, and fundamental frequencies) of the payload
simulators define a dynamic properties envelope.
Rideshare spacecraft with dynamic properties within
the envelope can be swapped without increasing the
loads beyond those that have already been calculated.
As a result, the risk is reduced that a late-swap or
rideshare configuration modification will negatively
affect the structural viability of the system.

In this paper, a multiconfiguration loads analysis
(MLA) process is presented that can enable flexibility
in the mission manifesting process by allowing for
uncertainty in the final rideshare configuration,
including late manifest changes or swaps, without
requiring additional loads analyses to those specified in
the Load Cycle Process. The MLA process requires
coordination and participation from the rideshare
spacecraft, forward spacecraft, launch vehicle, and
IV&V organizations. By applying the MLA process, a
set of adequately conservative loads can be generated
for the forward spacecraft, launch vehicle, and potential
rideshare spacecraft that account for uncertainty in the
rideshare manifest and minimize the potential for issues
late in the process. The MLA process will also define a

This paper describes the use of three new or emerging
technologies that are essential to enable flexible,
responsive manifesting.
• Multiconfiguration loads analysis is conducted,
where spacecraft and launch vehicle loads are
calculated for hundreds to thousands of
potential launch configurations. Aerospace’s
MLA system, CLASP, uses cluster computing
with heritage CLA software to calculate loads
for multiple configurations.
• Dynamic simulator models (or “dummy”
spacecraft models) are used to represent the
dynamics of full fidelity rideshare spacecraft
finite element models. Simulator models allow
sensitivity studies to account for a wide range
of potential configurations without the need for
actual models, which may not be available early
in the integration timeline.
Figure 1: Side view of a multi-manifest launch
configuration with a forward spacecraft and
two rideshare spacecraft attached to an ESPAlike adapter.
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• Spacecraft structural limits and margin
calculations can be incorporated in the CLA
process, allowing for rapid mission design
iterations and instant knowledge of the impact
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that changes in loads have on the spacecraft
structure.

•

Spacecraft Margin Computation – The
methods and benefits of incorporating
spacecraft structural limits into the MLA
process is described.

•

Conclusions and Next Steps – A summary of
the document and a plan for future work to
further improve flexible manifesting and agile,
responsive integration is provided.

Terms used in this paper are defined as follows:
•

ESPA – Evolved Secondary Payload Adapter;
A cylindrical adapter that attaches to the
forward end of a launch vehicle and supports
both a forward spacecraft and up to six
rideshare spacecraft during launch. The ESPA
can also contain its own propulsion and power
systems and separate from the launch vehicle
to perform its own mission.

•

Forward spacecraft – A satellite attached to the
forward interface of an ESPA-like adapter,
sometimes referred to as the “primary”
spacecraft. In multi-manifest missions, the
most significant payload may not be the
largest or the one mounted in the forward
position, but in this document, this is the
spacecraft for which loads were chiefly
examined.

•

Rideshare spacecraft – A smaller spacecraft or
payload attached to one of the six ports of an
ESPA-like adapter, sometimes referred to as a
“secondary” or “auxiliary” spacecraft or
payload.

•

Dynamic Simulator Model – A mathematical
model that represents the rigid body mass
properties and fundamental modes of a
rideshare spacecraft, sometimes referred to as
a “dummy spacecraft.”

MULTICONFIGURATION LOADS ANALYSIS
EXAMPLE
A series of analyses were conducted to demonstrate the
MLA process outlined above. The analyses were
performed using Aerospace’s Coupled Loads Analysis
Sensitivity Program (CLASP), which enables the
calculation of full-fidelity coupled loads analyses for
thousands of launch configurations using cluster
computing. The vehicle configuration included a
National Security Space Launch-class launch vehicle, a
propulsive ESPA adapter with six ports for rideshare
spacecraft, and a dynamically complex forward
spacecraft with a weight of approximately 5,000 lb,
fundamental bending modes of approximately 9 Hz, a
fundamental axial mode of approximately 35 Hz, and
over 400 modes below 150 Hz. The analyses included
all significant load events during launch and ascent.
To generate a baseline set of results to which the MLA
results could be compared, high-fidelity finite element
models of actual rideshare spacecraft were used in a
series of coupled loads analyses. Responses were
calculated for 150 configurations generated by
randomly assigning six rideshare spacecraft models to
different locations on the ESPA. There were no
restrictions on how the spacecraft were assigned, so
some configurations resulted in identical spacecraft
attached to multiple ports. Results were calculated for
an additional six cases where the rideshare spacecraft
on all ports were identical, as it was observed that these
cases can result in large loads in the forward spacecraft.
The properties of the rideshare spacecraft are listed in
Table 1. The center-of-mass values represent the
distance of the center of mass from the spacecraft
interface to the ESPA.

The remainder of this document is divided into five
sections:
•

The Multiconfiguration Loads Analysis
(MLA) Process – The loads analysis process
and how it supports manifest flexibility is
described.

•

Multiconfiguration Loads Analysis Example –
An end-to-end example of the MLA process is
provided.

•

Dynamic Simulator Models – Aerospace’s
rideshare spacecraft dynamic simulator models
and their use in MLA is described.

Mellquist
Aerospace Report Number ATR-2022-00827

3

36th Annual Small Satellite Conference

models for the rideshare spacecraft.
Table 1: Properties of rideshare spacecraft

Rideshare 1
Rideshare 2
Rideshare 3
Rideshare 4
Rideshare 5
Rideshare 6

Mass
(lb)
617
125
317
10
381
142

Center of
Mass (in)
19.9
11.4
12.0
2.7
21.2
9.4

The results from a typical coupled loads analysis
include thousands of physical responses (accelerations,
loads, displacements) within the primary spacecraft,
launch vehicle, and rideshare spacecraft. In this
example, we focused on forward spacecraft loads, but
the same process could be applied to any type of
response for any hardware in the system. The spacecraft
model used in this example contained 6316 load
recovery items; thus, that many loads were calculated
for each MLA run and baseline configuration.

Fundamental
Frequency (Hz)
47.4
39.8
46.5
129.6
27.4
23.6

For the MLA, the same launch vehicle, propulsive
ESPA, and forward spacecraft models from the baseline
analysis were used, but the rideshare spacecraft were
represented using dynamic simulator models as
described above. These models were intended to
represent actual payloads whose detailed models are not
available. The range of the dynamic properties of the
payload simulator models is shown in Table 2.

Figure 2 contains a histogram that shows how the
envelope of forward spacecraft loads from the 1582
MLA configurations compare to the loads from the 156
baseline analyses. In this histogram, the largest load
over the 1582 variations was compared to the largest
load from the baseline analyses. Positive percent
difference indicates that the loads from the baseline
analysis exceed the loads from the MLA. None of the
loads from the baseline analyses exceed the loads from
the MLA by more than 10 percent. This demonstrates
that the MLA generated an adequately conservative set
of forward spacecraft loads in the absence of detailed
models of the rideshare spacecraft.

In all, responses were computed for 1582
configurations for the MLA study. For 1500 of the
configurations, simulator models were randomly
selected and assigned to one of the six ports. For the
other eighty-two configurations, all six ports were
populated with identical simulator models with masses
that spanned the dynamic properties envelope. For these
eighty-two “edge cases” the payloads all had a
fundamental frequency of 200 Hz to represent a rigid
spacecraft, a center of mass 5 in from their interface to
the ESPA, and masses of 0.1 lb, 1 lb, and 10 to 800 lb
in 10 lb increments. It is understood that some of these
configurations are unlikely or not within the capability
of the ESPA, but the responses generated by these
configurations are necessary to provide a sufficient
loads envelope for the forward spacecraft, given the
wide range of weights and centers of mass of the actual
manifested payloads.

In addition to ensuring that the MLA envelope bounds
all potential launch loads, it is important that the
multiconfiguration loads envelope not unnecessarily
penalize the mission hardware by including overly
conservative loads. These would be indicated by
negative percent differences. In Figure 2 it is seen that
1,179 loads from the MLA exceed the baseline loads by
more than 10 percent (bars to the left of the -10% to 0%

It is important to note that this example is particularly
stressing to the process described in this paper. Future
missions will likely wish to define a more bounded
envelope of payload weights, centers of mass, and
fundamental frequencies, so the multiconfiguration
loads could be calculated over a narrower range of
dynamic
simulator
models
and
conditions.
Nevertheless, this example illustrates that even with
wide variations between payloads, the approach can
yield bounding loads without detailed finite element
Table 1. The range of rideshare spacecraft
properties in the MLA
Mass
(lb)
4-750

Center of
Mass (in)
5-25

Figure 2: Forward spacecraft loads from the
multiconfiguration CLA sufficiently bound the
loads from the baseline analyses.

Fundamental
Frequency (Hz)
15-100

Mellquist
Aerospace Report Number ATR-2022-00827

4

36th Annual Small Satellite Conference

bin). Most of these loads are within 30 percent of the
baseline results, but a small number exceed by more.
These exceedances indicate that the MLA process does
not perfectly predict the loads from an unknown launch
configuration, but instead includes additional
conservatism. This is an expected consequence of
rideshare and agile integration and their impact on the
structural design of space hardware. For spacecraft and
launch vehicles to be more compatible, they must be
designed more robustly to handle loads that may not be
experienced in the eventual launch configuration. In
this way, ridesharing trades structural design efficiency
for manifest flexibility.
DYNAMIC SIMULATOR MODELS
A critical aspect of the MLA example presented above
is the use of dynamic simulator models to represent the
unknown rideshare spacecraft. These models simulate
the fundamental dynamic properties (mass, center of
mass, fundamental frequencies) of rideshare spacecraft
in the MLA and allow for a wide range of potential
configurations to be analyzed before the actual models
of the rideshare spacecraft become available. This
section discusses the formulation and use of dynamic
simulator models.

Figure 3. Notional diagram of an auxiliary
payload model.

and ESPA dynamics that result from both heavy and
light payloads.

The dynamic simulator models used in CLASP have
three independent parameters: mass, center of mass
location, and fundamental frequencies. These
parameters can be modified to represent the dynamic
properties of a wide range of rideshare spacecraft. The
models are created via a combination of rigid masses
and springs as shown in Figure 3 and consist of mass,
stiffness, and response recovery matrices in
Hurty/Craig-Bampton format (see References 2 and 3).
The mass and dynamic properties, including the mass
coupling terms and modal mass participation, are based
on a survey of rideshare spacecraft models. The center
of mass is located along the centerline of the model at a
prescribed distance from the ESPA interface. The
models have at least four modes (one axial, two lateral,
and one torsion), but secondary oscillators can be
included as desired. For this work, four modes with the
same frequency were included in each simulator model.

Work is ongoing to improve both the modeling and
application of the dynamic simulator models. Future
improvements include independent lateral, axial, and
torsion mode frequencies, modeling mass participation
of each mode as an independent parameter, and
establishing rules to prevent unrealistic combinations of
dynamic properties. Even without these improvements,
the existing, simple dynamic simulator models can be
used to generate a robust set of responses in an MLA.
SPACECRAFT MARGIN INCORPORATION
Spacecraft structural limits and margin calculations
were incorporated in the MLA process to enable rapid
mission design iterations with immediate knowledge of
the impact that changes in loads have on the spacecraft
structure. The results presented in the previous section
demonstrate that forward spacecraft loads are sensitive
to rideshare launch configuration, but do not indicate
the consequences of that sensitivity. It is entirely
possible that the loads that are most sensitive to
configuration changes may not be of any concern to the
structural design of the forward spacecraft. A structure
with large margins in its design may not have an issue
with loads increases of 100% or more due to a launch
configuration change. To assess the importance of the
sensitivity, the changes in spacecraft loads must be
compared to structural capability limits.

Dynamic simulator models were used for the MLA
process through a combination of random selection and
specific tuning. For the randomly generated models,
ranges are defined for the independent parameters in the
model. The parameters were chosen from that range
assuming a uniform distribution. A different model was
generated for each port on the ESPA. For the tuned
models, all six ports were populated with identical
simulator models. The dynamic properties of these
models were chosen to cover the “edge cases” of mass
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Figure 4. Variation in a shear load on a spacecraft

Figure 5. Spacecraft shear load compared to structural capability.

This concept is demonstrated with a simple example.
Figure 4 shows the variation in a single shear load on a
spacecraft for 500 launch configurations where the
rideshare spacecraft were varied. One configuration,
identified with the blue circle, resulted in a load
increase of greater than 20%. Without knowledge of the
capability of the hardware, one might assume that this
increase could result in a violation of the spacecraft
structural limits. However, if spacecraft structural limits
are incorporated into the MLA process, as shown in
Figure 5, it is quickly apparent that the 20% increase in
shear load is well within the capability of the hardware.

configurations exceed the loads from the baseline
configurations.
The data from Figure 2 and Figure 6 are combined in
Figure 7 where we can see that many of the loads that
were most sensitive to configuration changes do not
cause any issues with spacecraft structural margin. This
reduced set of “problem” loads could be assessed for
additional margin or investigated further to determine if
the rideshare configurations causing the negative
margins can be avoided. By incorporating the margin
assessment into the MLA process, it is possible that an
algorithm could be developed to automatically
determine acceptable and unacceptable rideshare
spacecraft configurations to further aid in the mission
planning process.

The concept demonstrated in the above example can be
applied to every response calculated in the MLA. Nonlinear combinations could be handled by including the
appropriate combination equations in the analyses.
Figure 6 contains a histogram that was generated with
the same data from the example in Section 3, but in this
case loads that were below the spacecraft structural
design limits have been removed. Negative percent
difference indicates that the loads from the varied
Mellquist
Aerospace Report Number ATR-2022-00827

CONCLUSIONS AND NEXT STEPS
A multiconfiguration loads analysis process that
enables flexibility in mission manifesting by allowing
for rideshare spacecraft uncertainty or swaps without
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any launch provider.
The process relies on dynamic simulator payload
models used in a series of coupled loads analyses where
hundreds to thousands of potential launch
configurations are analyzed to calculate a bounding set
of structural responses. The varied properties of the
rideshare spacecraft simulators establish a dynamic
properties envelope. Rideshare spacecraft with
properties within the envelope could be swapped
without increasing the loads beyond those that have
already been calculated. As a result, the risk is reduced
that a late-swap or rideshare spacecraft modification
will negatively affect the structural viability of the
system. To optimize the impact of these process
improvements, the launch and spacecraft acquisition
process should be revised to include the required
analysis and data sharing responsibilities, noted in this
document.

Figure 6. Forward spacecraft load sensitivity to
rideshare configuration with loads that are below
the spacecraft capability limit removed.

While the essential capabilities to apply this process
already exist, improvements could be made.

requiring CLA updates has been presented. By applying
the process, a set of conservative loads can be generated
for the forward spacecraft, launch vehicle, and any
potential rideshare spacecraft. If all elements of the
system are designed to survive these loads, the launch
manifest could be changed after analyses are
completed, much closer to launch, without incurring
additional risk, thereby enabling flexibility in the
manifest and shorter integration timelines. The process
is applicable to any launch vehicle and rideshare
configuration and could be adopted and performed by

Figure 7. Forward spacecraft load sensitivity to
rideshare configuration with loads that are above
the spacecraft capability limit highlighted.
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•

One potential area of improvement is the
modeling of the dynamic simulator models.
Many variations are required with the current
models to envelope the dynamic interaction
present in a real system. With improved
simulator models the number of MLA cases,
and associated analysis time, could be reduced.
Potential improvements include independent
lateral, axial, and torsion mode frequencies,
modeling mass participation of each mode as
an independent parameter, including higherorder modes if found to be critical, and
establishing rules to prevent unrealistic
combinations of dynamic properties.

•

Another improvement would be to standardize
the inclusion of design limits with spacecraft
loads models. If design limits are available to
the organization calculating launch loads, their
ability to rapidly iterate on rideshare mission
design is significantly improved.

•

Another area that warrants investigation is the
capability of MLA to account for the lack of
correlation to test data in rideshare spacecraft
finite element models. If this process could be
used to generate bounding design loads for
models that have not been test verified,
mission integration timelines could be further
shortened.

The authors have the following recommendations for
structural loads analysis with uncertain manifests:
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•

Consider conducting a multiconfiguration
loads analysis similar to the approach
described in this paper, using dynamic
simulator models and large numbers of
configurations to develop conservative loads
early in the Load Cycle Process.

•

Require that all mission participants (forward
payload, rideshare spacecraft, and rideshare
adapter providers) include design limits with
spacecraft load models, to enable rapid
iteration on mission configuration.

•

Require all rideshare spacecraft to adhere to a
specific range of mass, center of mass, mass
moment of inertia, and fundamental mode
frequency values, chosen to balance flexibility
of payload design with flexibility of manifest.
The broader the range, the wider the range of
payloads that can be manifested or swapped,
but the more likely the team is to encounter
problems with the bounding loads. Require
payloads unable or unwilling to remain within
the prescribed envelope to provide early
spacecraft loads models as a condition of
being manifested. These requirements could be
incorporated into a specification or standard.

•

Work to standardize spacecraft loads models
to allow for easy incorporation. Some areas
where standardization might be beneficial are
in boundary geometry, choice of units, and
coordinate systems.
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